The eukaryotic flagellum is a large structure into which specific constituent proteins must be targeted, transported and assembled after their synthesis in the cytoplasm. Using Trypanosoma brucei and a proteomic approach, we have identified and characterized a novel set of adenylate kinase proteins that are localized to the flagellum. These proteins represent unique isoforms that are targeted to the flagellum by an N-terminal extension to the protein and are incorporated into an extraaxonemal structure (the paraflagellar rod). We show that the N-terminal extension is both necessary for isoform location in the flagellum and sufficient for targeting of a green fluorescent protein reporter protein to the flagellum. Moreover, these N-terminal extension sequences are conserved in evolution and we find that they allow the identification of novel adenylate kinases in the genomes of humans and worms. Given the existence of specific isoforms of certain central metabolic enzymes, and targeting sequences for these isoforms, we suggest that these isoforms form part of a complex, "solid-phase" metabolic capability that is built into the eukaryotic flagellum.
INTRODUCTION
Motility is often central to cell feeding, survival, or reproduction in most eukaryotic organisms. Fast cell motility or locomotion of material over the cell surface is apparently best produced by the use of cilia or flagella. Although there are intriguing variations in some cell types and genera, most motile eukaryotic cilia and flagella have the canonical 9 ϩ 2 microtubule structure termed the axoneme. This regular and evolutionarily conserved pattern of the nine doublet microtubules and two central pair singlet microtubules in the axoneme is intimately involved in the production of motility via the dynein arm bridges that form between adjacent outer doublets (Porter and Sale, 2000; King, 2003) . The resulting microtubule doublet sliding is constrained by other connections so converting the applied force into a bending motion.
In a variety of microbial eukaryotes and in flagella of certain animal cell types (often sperm), a diversity of extraaxonemal structures occurs along with the microtubule axoneme. For example, in mammalian sperm tails, nine outer dense fibers run along the length of the flagellum, and in the principal piece a second extraaxonemal structure, the fibrous sheath, surrounds the outer dense fibers (Eddy et al., 2003) . One of the most intriguing of these extraaxonemal structures is the elaborate paraflagellar rod (PFR) found in the kinetoplastid protozoa, the Euglenoids, and the dinoflagellates (Bastin et al., 1996b) . In the African trypanosome Trypanosoma brucei, the PFR is present alongside the axoneme from its point of exit from the flagellar pocket. The T. brucei PFR has three zones, each of characteristic ultrastructure, and the whole structure is linked to axonemal microtubule doublets 4 through 7 (Gull, 1999) .
There are a number of traditional views on the function of these diverse extraaxonemal structures, often involving suggestions that they may alter the mechanical properties of the flagellum in some advantageous manner. More modern molecular interrogations of such structures have revealed that they are important for motility. For example, in the mouse a knockout of the major component of the fibrous sheath prevented normal flagellum development and the resulting sperm were incapable of progressive motility (Miki et al., 2002) . Likewise, in T. brucei RNA interference (RNAi) knockdown of the major paraflagellar rod component PFRA resulted in trypanosomes that lacked the major portion of the PFR structure, and although viable, were paralyzed (Bastin et al., 1998 (Bastin et al., , 2000a ).
Whereas we have some molecular knowledge of the major structural components in the PFR and fibrous sheath, there is a paucity of data on less abundant proteins, which may nonetheless contribute to important regulatory, signaling, or enzymatic functions in flagella. Here, we have used the PFR minus, paralyzed mutants of T. brucei to address issues of what biochemistry an extraaxonemal structure contributes to the eukaryotic flagellum. We have isolated flagella from the snl-2 mutant of T. brucei. This mutant is an inducible RNAi mutant. In the noninduced state, it presents a normal PFR and is actively motile (Bastin et al., 2000a) . When switched to conditions where RNAi is induced, the trypanosomes lack a full PFR and are paralyzed, yet grow well. Isolated flagella were subjected to two-dimensional (2D) gel analysis and mass spectrometry to identify protein compo-nents present in the flagellum that exhibits a PFR, but which are then absent from flagella with no PFR. This proteomic comparison has allowed the identification of a novel set of adenylate kinase proteins that localize to the extraaxonemal structure and are targeted to the flagellum by an N-terminal extension to the protein. We show that the N-terminal extension is both necessary and sufficient for targeting of a GFP reporter protein to the flagellum. Moreover, these Nterminal extension sequences are conserved in evolution, and we find that they allow the identification of novel adenylate kinases in the genomes of humans and worms. These observations reveal a "solid-phase" enzymatic biochemistry for adenine nucleotide homeostasis that is built into the structure of a eukaryotic flagellum.
MATERIALS AND METHODS

Trypanosome Strains, Growth, and Transformation
Procyclic T. brucei was maintained at 27°C in SDM-79 medium supplemented with 10% (vol/vol) heat-inactivated fetal calf serum as described previously (Brun and Schonenberger, 1979) . Proteomics and analysis of Ty-epitopetagged TbADKA and TbADKA were investigated using the snl-2 mutant (Bastin et al., 2000a) . RNAi experiments were carried out using the 29-13 cell line (Wirtz et al., 1999) . Transformations were carried out essentially as described previously, by using ZPFM buffer and electroporation of 3 ϫ 100-ms pulses at 1.5 kV with an Electro Square Porator (BTX) (Wickstead et al., 2003) .
Trypanosome Fractionation
Cells were harvested by centrifugation (850 ϫ g, 10 min, 20°C) and washed twice with phosphate-buffered saline. Cytoskeletons were isolated by extraction of 10 8 cells ml Ϫ1 in 1% (vol/vol) Nonidet-P40 in 0.1 M PIPES, 2 mM EGTA, 1 mM MgSO 4 , 0.1 mM EDTA, pH 6.9, and containing 5 g ml Ϫ1 pepstatin A, 10 g ml Ϫ1 leupeptin, and 10 g ml Ϫ1 phenylmethylsulfonyl fluoride. After centrifugation (3400 ϫ g, 10 min, 4°C), the detergent-insoluble cytoskeletal pellet was extracted twice in 0.1 M PIPES, 1 M NaCl, 2 mM EGTA, 1 mM MgSO 4 , 0.1 mM EDTA, pH 6.9, plus protease inhibitors (ice, 10 min). Depolymerization of the subpellicular microtubules was visualized by light microscopy, and flagella were subsequently isolated by centrifugation (16 000 ϫ g, 15 min, 4°C). The flagella pellet was washed once (0.1 M PIPES, 2 mM EGTA, 1 mM MgSO 4 , 0.1 mM EDTA, pH 6.9) and resuspended in 20 mM Tris-HCl, 5 mM MgCl 2 , 1% (vol/vol) Nonidet-P40 and incubated on ice (15 min) with 2.5 g of RNase, and 8.75 g of DNaseI. Sixty milligrams of electrophoresis grade urea and 100 l of a solution containing 2% (vol/vol) Nonidet-P40, 2% (vol/vol) ampholines, pH 3.5-10, 5% (vol/vol) ␤-mercaptoethanol, and 9.5 M urea were then added, and the samples stored at Ϫ80°C before analysis.
Electrophoresis and Mass Spectrometry of Flagellar Proteins
Samples were separated in the first dimension by isoelectric focusing and in the second dimension by SDS-PAGE, and proteins were visualized by silver staining as described previously (Burland et al., 1983) . In-gel trypsin digestion of proteins (Shevchenko et al., 1996) was followed by peptide mass fingerprinting, by using matrix-assisted laser desorption/ionization-time of flight mass spectrometry (Voyager DE-STR; Applied Biosystems, Warrington, United Kingdom), and peptide sequencing by using quadrupole-time-offlight tandem mass spectrometry (Q-ToF; Waters/Micromass, Manchester, United Kingdom). Peptide sequences obtained from tandem mass spectrometry were used to search the T. brucei genome database (http://www.genedb. org/genedb/tryp/index.jsp) and the identity of candidate proteins confirmed by matching the peptide masses obtained by matrix-assisted laser desorption/ionization-time of flight mass spectrometry with those obtained from in silico digestion of the candidate (PeptideMass, http://www.expasy.org).
Plasmid Construction
Construction of plasmids used for 1) expression of Ty-epitope-tagged TbADKA and TbADKB from their endogenous RNA polymerase II-transcribed loci, 2) inducible overexpression of TbADKA::Ty and TbADKA ⌬(1-43) ::Ty from a rDNA locus by using the RNA polymerase I-transcribed procyclin promoter, and 3) RNAi of flagellar adenylate kinases are all described previously (Pullen, 2002) . Briefly, for expression of tagged proteins from their endogenous loci the tagged open reading frames were located between the endogenous 5Ј untranslated region (UTR) and an aldolase 3Ј UTR. In the overexpression experiments, tagged open reading frames were cloned into pHD430, in which trans-splicing and polyadenylation processing signals are provided by a procyclin 5Ј UTR and aldolase 3Ј UTR, respectively (Wirtz and Clayton, 1995) . The parent vector for the RNAi experiments was pZJM (Wang et al., 2000) . The expression of TbADKA ⌬(55-260) -GFP was achieved after polymerase chain reaction amplification of sequence that encodes the first 55 amino acids of TbADKA by using the primer combination ADKAN5Ј (5Ј-ATATTTGTGGTACTGCGACC-3Ј) and ADKAN3Ј (5Ј-TGA-CATCCATGGCAATGAATATTTGCAAAGG-3Ј) and Herculase DNA polymerase (Stratagene, La Jolla, CA). The resulting polymerase chain reaction product was digested with NcoI (site italicised in ADKAN3Ј, and an additional site spans the start codon of ADKA) and cloned into pGAD8-VSG-G4 (Wickstead et al., 2003) that had been digested with NcoI across the start codon of the GFP gene. The resulting plasmid was digested with BamHI for stable integration into a minichromosomal locus.
Adenylate Kinase Assay
Detergent-insoluble cytoskeletons and flagella (5 ϫ 10 7 cell equivalents) were assayed in a final volume of 1 ml in 0.03 M Tris-HCl, pH 7.75, 1.2 mM MgSO 4 , 5 mM glucose, 1 mM NADP ϩ , 10 U of hexokinase, and 6 U of glucose-6-phosphate dehydrogenase. The rate of NADPH formation was followed at 340 nm.
Immunofluorescence and Immunoblotting
Immunofluorescence using BB2, which recognizes the Ty-epitope, and ROD-1 monoclonal antibodies, and immunoblotting by using BB2 were carried out using previously described methods (Bastin et al., 1996a,b) .
RESULTS
Proteomic Analysis of the PFR
The snl-2 mutant of T. brucei is an inducible RNAi mutant that possesses a PFR and is motile when the RNAi is not induced, but becomes PFR minus and paralyzed when RNAi is induced ( Figure 1 , A and B) (Bastin et al., 2000a) . Loss of the PFR structure does not affect viability, and populations of cells can therefore be grown in both states: with or without the PFR. The induction of RNAi ablates the expression of only one protein (PFRA), but this is sufficient to compromise the construction of the major portion of the PFR. We conjectured that many flagellar proteins will be synthesized but not assembled in the flagellum when the PFR is missing. This provided an opportunity to isolate the axoneme and PFR complex from the snl-2 mutant in both the RNAi induced and noninduced states, and use 2D gels to compare their protein profiles. We performed this analysis and detected a number of spots clearly missing from the flagellum of the paralyzed, induced RNAi population in comparison with the noninduced, motile population of the snl-2 strain (Figure 1, C and D). Four specific spots were subjected to mass spectrometry and sequences derived from the genome database. Two were trypanosome specific and are likely to represent PFR structural proteins. However, intriguingly, two sequences were putative adenylate kinases, which we termed TbADKA and TbADKB (Figure 2 ).
Given the role of adenylate kinases in adenine nucleotide homeostasis and the requirement for such adenine nucleotide balance for dynein motor protein activity in the flagellum (Yagi, 2000) , the finding of two adenylate kinases in the assembled flagellum was intriguing. We therefore asked whether we could detect the corresponding biochemical activity in the flagellum. We used the classic approach of detergent extraction of whole cells to produce cytoskeletons (the subpellicular microtubule cortex and the flagellum), followed by salt extraction to depolymerize the subpellicular microtubule cortex, yielding purified flagella (Schneider et al., 1987; Robinson et al., 1991) and assayed this flagella preparation for adenylate kinase activity. Figure 3A shows that adenylate kinase activity could be detected in flagella preparations from noninduced snl-2, but not in paralyzed flagella isolated from RNAi-induced snl-2. This activity could be inhibited by diadenosine pentaphosphate (Ap5A) indicative of bona fide adenylate kinase activity ( Figure 3A ).
As expected, adenylate kinase activity was also present in the cytoskeletal fraction of the noninduced snl-2 mutant. However, this activity was absent from cytoskeletons of the induced snl-2 mutant ( Figure 3B ). Because there is no difference between the cytoskeletons from these two induction states, other than the lack of PFR in the flagellum of induced snl-2, we can conclude that adenylate kinase activity is only associated with the flagellum, and not with other areas of the cytoskeleton. The difference in levels of activity between the cytoskeletal and flagellar preparations is likely to arise as a consequence of the salt extraction used to depolymerize the subpellicular microtubules. The use of stringent detergent and salt extractions shows that the adenylate kinase activity must be intimately associated with the flagellum. This demonstration of activity reflected precisely the results of our proteomic investigation.
Localization of Adenylate Kinase along the PFR
These results raised the question of where the adenylate kinases are located in the flagellum. We expressed an epitope-tagged version of TbADKA from its endogenous locus and used the tag to ascertain whether this adenylate kinase was associated with the detergent-insoluble cytoskeletal fraction. Figure 4A shows that this was indeed the case in snl-2 in its noninduced state. However, when PFRA RNAi was induced and the population displayed the paralyzed, PFR minus phenotype, the tagged TbADKA was located in the detergent-soluble fraction and was absent from the cytoskeletal fraction ( Figure 4A ). Immunofluorescence images of noninduced cells showed that the TbADKA protein was located specifically in the PFR and not in the axoneme (Figure 4 , B-D). The axoneme extends from the flagellar basal bodies, which are physically connected to the kineto- plast (Ogbadoyi et al., 2003) to the end of the flagellum, but the PFR is only present from the point where the flagellum exits the cell body (Gull, 1999) . Thus, PFR localization was confirmed by the gap in the immunofluorescence between the kinetoplast and the start of the PFR ( Figure 4B ). Moreover, the TbADKA immunofluorescence was entirely coincident with an antibody that specifically detects the PFR ( Figure 4C ). Finally, the TbADKA signal lags behind that of the axoneme as the latter extends, exactly as one would expect for a PFR protein ( Figure 4D ). The same results were observed for TbADKB (our unpublished data).
Unusual N-Terminal Extensions Characteristic of the Flagellar Adenylate Kinases
Examination of the TbADKA and TbADKB sequences and comparison with many other known adenylate kinase sequences revealed the conservation of residues known to be important for catalysis and adenylate kinase structure in the trypanosome proteins (Figure 2 ; Schricker et al., 1995; Sanchez and Muller, 1998) . A most unusual feature, however, was the presence of a 55-amino acid-long N-terminal extension, upstream of the conserved P-loop on both TbADKA and TbADKB (Figure 2 ). The N-terminal extensions of the two flagellar enzymes showed some sequence conservation. Interestingly, two lines of evidence indicated that neither extension was cleaved after translation of TbADKA or TbADKB. First, the predicted molecular weights and isoelectric points of the full-length proteins matched the values observed when each protein was resolved by 2D electrophoresis ( Figure 1C) . Second, and more directly, mass spectrometry of both proteins included peptide mass and sequence data in the N-terminal regions (Figure 2) .
The presence of the N-terminal extensions clearly raised the issue of whether they are responsible for the unusual location of TbADKA and TbADKB in the flagellum. To address this issue, we constructed a deletion of the N-terminal region of TbADKA ::Ty] and produced cell lines expressing the epitope-tagged versions of either TbADKA or the truncated TbADKA from a strong promoter ( Figure 5A ). We subjected these cell lines to the same deter- Figure 2 . Identification of two flagellar adenylate kinases. Sequences of the two adenylate kinases identified in this study, TbADKA and TbADKB, and S. cerevisiae adenylate kinase (accession no. AAA66319) were aligned using ClustalW. The gene identities for the T. brucei adenylate kinases are Tb927.2.5660 (TbADKA) and Tb10.70.7330 (TbADKB); there is 43% identity between the two trypanosome enzymes. Blue dots highlight conserved residues that are important for catalysis or enzyme structure (Schricker et al., 1995; Sanchez and Muller, 1998) . Domains involved in the binding of ATP and AMP substrates, and a third characteristic region, known as the LID domain which changes conformation after substrate binding (Fukami-Kobayashi et al., 1996; Miura et al., 2001) , are indicated by double-ended arrows. The red dots highlight residues that are identical in the N-terminal extensions of TbADKA and TbADKB. Purple shading indicates peptide fragments that were identified by tandem mass spectrometry sequencing; yellow shading indicates peptides identified on a basis of their mass only.
T.J. Pullen et al. gent extraction as used earlier and found that although a significant amount of soluble protein was produced, due to expression from a strong promoter ( Figure 5 , B-D), only full-length TbADKA, and not ADKA ⌬(1-43) , could be targeted to the flagellum ( Figure 5D ). The overexpression of these proteins emphasized that even though large amounts of the N-terminal-truncated protein were produced in the cytoplasm, the system was unable to concentrate such protein in the flagellum compartment. We also engineered cell lines that expressed either GFP, or GFP fused at its N terminus to the N-terminal 55-amino acids of TbADKA. Fluorescence analysis of these cell lines showed that GFP on its own localized to the cell body with insignificant amounts in the flagellum ( Figure 5H ), whereas GFP carrying the N-terminal adenylate kinase extension localized to the flagellum ( Figure 5J ). This signal was not seen in cytoskeletal preparations (detergentextracted cells; our unpublished data), presumably because it was either in a soluble state within flagella before detergent extraction, or, if the extension also provides structural features contributing to PFR incorporation, was only loosely associated with the PFR. Overall, therefore, our data demonstrated that the N-terminal extension present on TbADKA, and presumably the extension present on TbADKB, too, are both necessary and sufficient for targeting proteins to the trypanosome flagellum. However, it also seems that once in the flagellum there are additional structural determinants that are needed to anchor the flagellar adenylate kinases within the PFR.
The Unusual N-Terminal Extensions Identify Novel Conserved Adenylate Kinases in Nematode and Human Genomes
We considered the possibility that the N-terminal extensions of TbADKA and TbADKB, or motifs contained within these extensions, might be used to target other proteins to the axoneme or PFR. Whereas a bioinformatic search of the trypanosome genome database identified a number of proteins that share some sequence identity with the N-terminal regions of TbADKA and TbADKB, respectively, these do not include known flagellar proteins. Nor could we, by comparison with known flagellar components, identify motifs within the primary sequences of TbADKA and TbADKB that Immunoblot analysis of TbADKA tagged with the Ty-epitope at its C terminus by using the monoclonal antibody BB2. Cell equivalents (10 7 ) were loaded per lane. ADKA, expressed from its endogenous locus, partitions into the detergent-insoluble cytoskeletal fraction (Cyt.), except under conditions where the PFR is not assembled (snl-2 induced mutant), when it is found only in the detergentsoluble cytoplasmic fraction (Sol.). WC, whole cell extract. (B) Immunolocalization of ADKA::Ty to the flagellum by using BB2. The immunofluorescence pattern indicates that ADKA is present from the point where the flagellum leaves the cell body (white arrow) to its distal tip, but not at the point where the axoneme is nucleated from the basal body that is attached to the mitochondrial genome (black arrow; Ogbadoyi et al., 2003) . The positions of the nuclear and mitochondrial (kinetoplast) genomes are revealed by the blue 4Ј, 6-diamidino-2-phenyindole stain (DAPI) were suggestive of flagellar targeting sequences common to many flagellar components. However, when the bioinformatic analysis was extended to the genomes of other organisms we were surprised to find that specific blast analyses using only the N-terminal extensions of TbADKA or TbADKB identified similar sequences in the Caenorhabditis elegans and human genomes that showed unexpectedly high identity ( Figure 6A ). These human and C. elegans sequences turned out to be the N termini of predicted open reading frames that both contained two complete adenylate kinase domains in tandem ( Figure 6B ). Identification of conserved catalytic or structurally essential residues in these tandem adenylate kinases suggested that both domains would be able to catalyze phosphotransfer between a nucleotide triphosphate donor and nucleotide monophosphate acceptor.
Phenotype Analysis in a Flagellar Adenylate Kinase RNAi Knock-Down Mutant
Given that induced snl-2 lacks a full PFR and is paralyzed, is it possible that removal of only adenylate kinase from the structure might be sufficient to phenocopy the original snl-2 paralyzed phenotype? We used an inducible RNAi system (Bastin et al., 2000a; Wang et al., 2000) to address this question, and we were able to successfully ablate the expression of both flagellar adenylate kinases simultaneously (as evidenced by proteomic analysis by 2D electrophoresis and a decrease of Ͼ80% in the adenylate kinase activity found in cytoskeletal extracts) using sequences specific to each gene to generate double-stranded RNA. However, when RNAiinduced and control cell lines were analyzed by videomicroscopy no differences in either speed or direction of movement, or waveform or beat pattern were detected between RNAi-induced and RNAi-noninduced cells. We also saw no structural alterations to the PFR by using electron microscopy.
DISCUSSION
Insights into Adenylate Kinase Function in the Flagellum
Motility mediated by the activity of axonemal dynein ATPases requires ATP hydrolysis, but this motility is also sensitive to the balance of ATP and ADP concentrations with recent work suggesting that some inner arm dyneins are strongly inhibited under ADP-free conditions (Yagi, 2000) . Studies over the last 35 yr or so have indicated that enzymatic activities that could regulate adenine nucleotide concentrations can be detected in flagellar, ciliary, and axonemal preparations. These reports include accounts of adenylate kinase, nucleotide diphosphate kinase, and phosphagen (creatine and arginine) kinase activities in organisms as diverse as Tetrahymena, Chlamydomonas, sea ur- chin, and mammalian sperm (Gibbons, 1966; Watanabe and Flavin, 1976; Schoff et al., 1989; Wothe et al., 1990; Ogawa et al., 1996; Nakamura et al., 1999; Patel-King et al., 2002; Miranda-Vizuete et al., 2003; Sadek et al., 2003) . An obvious difficulty, acknowledged by some authors, of biochemical fractionation studies is the definition of the specificity of location of, for example, adenylate kinase activity when this is such a ubiquitous enzyme in the cell (Schoff et al., 1989) . Our present study now provides direct evidence that particular isoforms of adenylate kinase are associated with the eukaryotic flagellum, and moreover we provide the explanation for the flagellar specificity of these isoforms. The recognition of the N-terminal extensions on these isotypes provides an explanation for the mechanisms by which unique isotypes of a protein family could be targeted to the flagellum. Adenylate kinases are historically recognized as enzymes of the cytoplasm or mitochondrion in microbes or animal cells. Our discovery of these isotypes has facilitated an initial description of a novel protein sequence necessary and sufficient to endow flagellar localization. This system is distinct from both the targeting signals located within the C-terminal region of the major PFR proteins (Bastin et al., 1999a) , and the N-terminal sequences important for targeting of certain flagellar membrane proteins (Godsel and Engman, 1999; Bloodgood, 2000; Ignatushchenko et al., 2004) . A further key point is the biological function of flagellar adenylate kinase activity, and our data provide three important contributions to this debate. The adenylate kinase activity is present in multiple isoforms, they are built into the cytoskeletal structure, and finally they are distributed in a uniform manner along essentially the length of the flagellum. Although multiple isoforms might indicate redundancy or specificity of function, their distributed location does not suggest a local function at either the entry point into the flagellum from the cytoplasm, or the distal tip where assembly of axonemal and PFR components is achieved (Bastin et al., 1999a) . Also this distribution does not suggest a local function in the initiation of axonemal beating. However, this distribution would indicate a possible function of flagellar adenylate kinase in providing a phosphotransfer relay (Dzeja and Terzic, 2003 ) that would facilitate a more rapid and efficient movement of adenine nucleotides along the flagellum than would be achieved by diffusional exchange alone. RNAi knockdown of the two flagellar adenylate kinases that we have identified does not obviously affect flagellar motility. It is possible that adenylate kinase activity is required for flagellar motility and that the residual activity (Ͻ20% of normal) is sufficient to sustain flagellar motility. Alternatively, adenylate kinase activity is not required under normal culture conditions, or this adenylate kinase system can be bolstered by a redundancy involving yet more homeostatic mechanisms.
The notion of compensatory phenotypes for localized adenylate kinase deficiency may not be so surprising in the light of investigations into the roles played by individual adenylate kinase, and creatine kinase, isoforms in mammals. Transgenic mice deficient in the major cytosolic isoform of adenylate kinase display striking metabolic rearrangements in which wide-scale remodeling of glycolytic and mitochondrial pathway networks are sufficient to sustain high energy phosphotransfer in muscle tissue, except under conditions of metabolic stress (Janssen et al., 2000; Carrasco et al., 2001; Janssen et al., 2003a,b) . These observations are relevant when one considers the metabolic plasticity of cultured trypanosomes (Bochud-Allemann and Schneider, 2002; van Weelden et al., 2003) and indicate the most direct way to assess whether flagellar adenylate kinases contribute to the economy of energy metabolism will be transmission of null mutants through the natural tsetse fly vector and so explored within the natural nutritional context. This experiment, however, could not be executed with the laboratory-adapted strains currently available.
Our studies clearly locate the flagellar adenylate kinases to the PFR in the trypanosome flagellum. Such extraaxonemal structures are important features of diverse eukaryotic flagella (Santrich et al., 1997; Bastin et al., 1998; Miki et al., 2002) . Our data also show that the PFR of trypanosomes is not merely an architectural feature but rather acts as a matrix into which enzymes such as adenylate kinase and most likely other regulatory proteins can be built. This analysis parallels recent conclusions concerning the biochemical nature of another extraaxonemal structure, the fibrous sheath of mammalian spermatozoa (Miki et al., 2002; Eddy et al., 2003) , and perhaps provides an intriguing example of convergent evolution between phylogenetically distant organisms. Major components of the fibrous sheath have been revealed to be AKAP4, AKAP3, and TAKAP-80, which provide anchoring opportunities for cAMP-dependent protein kinase, and specific isoforms of enzymes such as glyceraldehyde-3-phosphate dehydrogenase and hexokinase (Eddy et al., 2003) . However, it is important to realize that there is a significant difference between the flagellum of a metazoan sperm and that of a eukaryotic microbe. In essence the sperm lacks cytoplasm, whereas the eukaryotic microbial cell possesses abundant cytoplasm with organelles. Thus, localization of metabolic functions in the flagellum of the latter is best viewed as an isotype differential localization problem, whereas in the former it maybe viewed as more of a cell type-dependent expression phenomenon.
Results from many systems, including trypanosomes, indicate that the localization of cAMP-dependent signaling pathways to flagella is ubiquitous, and at least in some cases is linked to motility (Inaba, 2003; King, 2003) . Key enzymes in this process, adenylate cyclases and cAMP phosphodiesterases, have been localized to flagella in several organisms. Thus, adenine nucleotide homeostasis is likely to require extensive regulation in the flagellar compartment to take account of concurrent motility and signaling phenomena and the maintenance of a balance between them. Redundancy in homeostatic systems may therefore explain the absence of singular phenotypes after adenylate kinase RNAi, but we believe that the structural incorporation of enzymes into extraaxonemal structures is significant in explaining why complete removal (mouse knock-outs for AKAP4 and RNAi of PFR-A in trypanosomes, respectively) of the structure has such dramatic consequences (Bastin et al., 1998 (Bastin et al., , 2000a Miki et al., 2002) . This provides an alternative to considering a merely physical reduction in the diameter of the flagellum as being influential in explaining the abnormal motility phenotype in trypanosomatid mutants that fail to assemble a PFR (Santrich et al., 1997) . Although this biophysical explanation remains possible, it is important to note that the diameter of the PFR varies by 100% between Trypanosoma, Crithidia, and Leishmania species (150 -300 nm) with no observable concomitant change in the motility of these organisms (Bastin et al., 1996b (Bastin et al., , 2000b . In addition, in trypanosomatid species such as C. oncopelti that were reported to lack a PFR there was no discernible difference in their motility in comparison with Crithidia fasciculata, which does assemble a normal PFR (Bastin et al., 1996b) . Moreover, we have recently observed that in fact a very small PFR is present in Crithidia oncopelti (Gadelha and Gull, unpublished) , so providing further support for our hypothesis that the PFR provides a critical platform into which regulatory or metabolic enzymes are anchored.
Insights into Adenylate Kinase Targeting into the Flagellum
Our analysis of the N-terminal extension of TbADKA provides the molecular explanation for targeting of these isoforms; the extension is both necessary and sufficient for locating proteins to the flagellum. The N-terminal sequences of TbADKA and TbADKB show a conservation of several motifs and are clearly related. However, although these adenylate kinases are built into the PFR structure, as defined by detergent and high salt treatment, N-terminal-tagged GFP is targeted to the flagellum but it is not stably incorporated into the PFR, such that it can withstand such treatments. Thus, some additional feature is likely to influence stable incorporation. Although we have previously described a C-terminal motif important in some proteins for targeting to the flagellum (Bastin et al., 1999a; Ersfeld and Gull, 2001) and there are at least two distinct mechanisms for targeting proteins to the flagellar membrane (Godsel and Engman, 1999; Bloodgood, 2000; Ignatushchenko et al., 2004) , the present N-terminal extension sequences represent additional excellent illustrations of eukaryotic flagellar targeting sequences. Are these sequences widely seen in the T. brucei genome, and hence could they facilitate identification of other flagellar proteins? The answer here is that we could recognize a number of putative proteins containing sequences that shared identity with the N-terminal sequences described here. However, if there are certain common motifs that define a whole family of flagellar proteins further experimental work will be needed to confirm such candidates.
Targeting motifs are likely to be used by cargo proteins for transportation into the flagellum by intraflagellar transport (Scholey, 2003) or other systems (such as ones necessary for the targeting of membrane proteins (Godsel and Engman, 1999; Ignatushchenko et al., 2004) . With this in mind, we were therefore intrigued to find predicted proteins in other genomes, such as human and C. elegans, that share identity at their respective N termini with the T. brucei adenylate kinases. In particular, a [YLxxxxxIPxLxE] sequence, followed by two conserved prolines was present in both of the examples shown in Figure 6 . Moreover, both putative polypeptides contain two apparently complete, but nonidentical, adenylate kinase units downstream of the conserved N-terminal region. Interestingly, we recognize that this tandem organization provides some echoes of the unusual triplet creatine kinase targeted to sperm flagella in sea urchins (Wothe et al., 1990) and the triplet nucleotide diphosphate kinases that have been localized to the axoneme in sea urchin and Chlamydomonas (Ogawa et al., 1996; Patel-King et al., 2002) and the fibrous sheath in mammalian sperm (Miranda-Vizuete et al., 2003) . Given the existence of specific isoforms of certain central metabolic enzymes, and targeting sequences for these isoforms, we suggest that these isoforms form part of a conserved complex, cytoskeletal-anchored metabolic capability that is built into the eukaryotic flagellum.
